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Ultraperipheral collisions 

• Ultraperipheral collisions (UPCs): ions interact at 
large impact parameters b >> RA+RB  → hadron 
interactions suppressed → interaction via quasi-real 
photons in Weizsäcker-Williams equivalent photon 
approximation, Budnev, Ginzburg, Meledin, Serbo, Phys. Rept. 15 
(1975) 181

A.J. Baltz et al. / Physics Reports 458 (2008) 1–171 5

Fig. 1. Schematic diagram of an ultraperipheral collision of two ions. The impact parameter, b, is larger than the sum of the two radii, RA + RB .
Reprinted from Ref. [3] with permission from Elsevier.

Fig. 2. A schematic view of (a) an electromagnetic interaction where photons emitted by the ions interact with each other, (b) a photon–nuclear
reaction in which a photon emitted by an ion interacts with the other nucleus, (c) photonuclear reaction with nuclear breakup due to photon
exchange.

The photoproduction cross section can also be factorized into the product of the photonuclear cross section and the
photon flux, dN� /dk,
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X (k) is the photonuclear cross section.

The photon flux used to calculate the two-photon luminosity in Eq. (2) and the photoproduction cross section in Eq.
(4) is given by the Weizsäcker–Williams method [8]. The flux is evaluated in impact parameter space, as is appropriate
for heavy-ion interactions [9,10]. The flux at distance r away from a charge Z nucleus is
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where w = kr/�L and K0(w) and K1(w) are modified Bessel functions. The photon flux decreases exponentially
above a cutoff energy determined by the size of the nucleus. In the laboratory frame, the cutoff is kmax ⇡ �L h̄c/RA. In
the rest frame of the target nucleus, the cutoff is boosted to Emax = (2� 2

L � 1)h̄c/RA, about 500 GeV at RHIC and 1
PeV (1000 TeV) at the LHC. The photon flux for heavy ions at RHIC and the LHC is depicted in Fig. 4. Also shown,
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• UPCs@LHC allow one to study 𝛾𝛾, 𝛾p 
and 𝛾A interactions at unprecedentedly 
high energies (energy frontier) reaching: 
W𝛾p=5 TeV, W𝛾A=700 GeV/A, W𝛾𝛾=4.2 ТeV

Bertulani, Klein, Nystrand, Ann. Rev. Nucl. Part. Sci. 55 (2005) 271; Baltz et al, Phys. Rept. 480 (2008) 1; 
Contreras and Tapia-Takaki, Int. J. Mod. Phys. A 30 (2015) 1542012; Snowmass LoI, Klein et al, arXiv:2009.03838

• UPCs can be used to study open 
questions of proton and nucleus structure 
in QCD and search for new physics.
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Dijet photoproduction in UPCs@LHC 
• The focus of UPC measurements@LHC has been exclusive (coherent) 
photoproduction of charmonia (J/𝜓, 𝜓’) and light vector mesons (ρ) → new 
constraints on the gluon density at small x down to хp ~ 6×10-6 and хA ~ 6×10-4.

• Poorly constrained nuclear parton 
distribution functions (PDFs) and 
photon PDFs can also be studied in 
inclusive dijet photoproduction in 
Pb-Pb UPCs, ATLAS-CONF-2017-011

A

Jet

Jet

Jet

Jet

X

Remnant

X
B B

A A

A

γ

γ

(a) (b)

• Requiring intact nuclear target, one 
can study diffractive dijet 
photoproduction in Pb-Pb UPCs → 
access to novel nuclear diffractive 
PDFs and mechanism of QCD 
factorization breaking, Guzey, Klasen, JHEP 
04 (2016) 158
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FIG. 1. Typical leading-order Feynman graphs for dijet photo-
production in UPCs of hadrons A and B. Graphs (a) and (b) corre-
spond to the direct and resolved photon contributions, respectively.

the requirement that the target nucleus stays intact, one can
study diffractive dijet photoproduction in UPCs AA → A +
2 jets + X + A. Studies of this process may shed some light
on the mechanism of QCD factorization breaking in diffrac-
tive photoproduction and, for the first time, give access to
nuclear diffractive PDFs [40,41]. While further progress in
constraining nPDFs will benefit from studies of high-energy
hard processes with nuclei in proton-nucleus (pA) scattering
at the LHC [42] and lepton-nucleus (eA) scattering at a future
Electron-Ion Collider (EIC) [43] and Large Hadron Electron
Collider (LHeC) [44], UPCs at the LHC present an important
and complementary method of obtaining new constraints al-
ready now on nPDFs in a wide kinematic range.

In this work, we make predictions for the cross section of
inclusive dijet photoproduction in Pb-Pb UPCs at the LHC
using NLO perturbative QCD [45] and nCTEQ15 nPDFs.
We show that our approach provides a good description of
various cross section distributions measured by the ATLAS
Collaboration [38]. Our analysis also shows that the dijet
photoproduction cross section in the considered kinematics is
sensitive to nuclear modifications of the PDFs. As a function
of the momentum fraction xA, the ratio of the cross sections
calculated with nPDFs and in the impulse approximation
behaves similarly to Rg for a given µ and deviates from unity
by 10–20% for the central nCTEQ15 fit. The calculations
using EPPS16 nPDFs and predictions of the leading twist
nuclear shadowing model give similar results. This suggests
that inclusive dijet photoproduction on nuclei can be used to
reduce uncertainties in the determination of nPDFs, which are
currently significant and comparable in size to the magnitude
of the calculated nuclear modifications of the dijet photopro-
duction cross section.

The remainder of this paper is structured as follows. In
Sec. II, we outline the formalism of dijet photoproduction in
UPCs using NLO perturbative QCD. We present and discuss
our results for the LHC in Sec. III and draw conclusions in
Sec. IV.

II. PHOTOPRODUCTION OF DIJETS IN UPCS
IN NLO PERTURBATIVE QCD

Typical leading-order (LO) Feynman diagrams for dijet
photoproduction in UPCs of nuclei A and B are shown in
Fig. 1, where the graphs (a) and (b) correspond to the direct

and resolved photon contributions, respectively. Note that
beyond LO, the separation of the direct and resolved photon
contributions depends on the factorization scheme and scale
(see the discussion below).

Using the Weizsäcker-Williams method, which allows one
to treat the electromagnetic field of an ultrarelativistic ion as
a flux of equivalent quasireal photons [1,46], and the collinear
factorization framework for photon-nucleus scattering, the
cross section of the UPC process AB → A + 2 jets + X is
given by [45]

dσ (AB → A + 2 jets + X )

=
∑

a,b

∫ ymax

ymin

dy
∫ 1

0
dxγ

∫ xA,max

xA,min

dxA fγ /A(y) fa/γ (xγ , µ2) fb/B

× (xA, µ2)d σ̂ (ab → jets), (1)

where a, b are parton flavors; fγ /A(y) is the flux of equivalent
photons emitted by ion A, which depends on the photon
light-cone momentum fraction y; fa/γ (xγ , µ2) is the PDF of
the photon, which depends on the momentum fraction xγ and
the factorization scale µ; fb/B(xA, µ2) is the nuclear PDF with
xA being the corresponding parton momentum fraction; and
d σ̂ (ab → jets) is the elementary cross section for production
of two- and three-parton final states emerging as jets in hard
scattering of partons a and b. The sum over a involves quarks
and gluons for the resolved photon contribution and the pho-
ton for the direct photon contribution dominating at xγ ≈ 1.
At LO, the direct photon contribution has support exactly
only at xγ = 1, i.e., fa/γ = δ(1 − xγ ). At NLO, the virtual
and real corrections are calculated with massless quarks in
dimensional regularization, ultraviolet (UV) divergences are
renormalized in the MS scheme, and infrared (IR) divergences
are canceled and factorized into the proton and photon PDFs,
respectively. For the latter, this implies a transformation from
the DISγ into the MS scheme. The integration limits are
determined by the rapidities and transverse momenta of the
produced jets; see Sec. III. Note that Eq. (1) is based on
the clear separation of scales, which characterize the long-
distance electromagnetic interaction and the short-distance
strong interaction. It generalizes the NLO perturbative QCD
formalism of collinear factorization for jet photoproduction
in lepton-proton scattering developed in Refs. [45,47–49],
which successfully described HERA ep data on dijet pho-
toproduction [50]. Hence, Eq. (1) involves universal nuclear
PDFs fb/B(xA, µ2), which can be accessed in a variety of hard
processes involving nuclear targets [33–35], and the universal
photon PDFs fa/γ (xγ , µ2), which are determined by e+e−

data; for a review, see [45]. Hence, the interplay between the
direct and resolved photon contributions in Eq. (1) is also uni-
versal and controlled by the standard µ2 evolution equations
of photon PDFs and the choice of the factorization scheme.

In our analysis, we used the following input for Eq. (1). For
photon PDFs fa/γ (xγ , µ2), we used the GRV HO parametriza-
tion [51], which we transformed from the DISγ to the MS fac-
torization scheme. These photon PDFs have been profoundly
tested at HERA and the Large Electron-Positron (LEP) col-
lider at CERN and are very robust, in particular at high xγ

(dominated by the pQCD photon-quark splitting), which is
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•  Cross section of dijet photoproduction 
using collinear factorization and next-to-
leading (NLO) pQCD, which is successful 
for HERA data on dijet photoproduction in 
ep scattering, Klasen, Kramer, Z.Phys. C 72 (1996) 107, 
Z. Phys. C 76 (1997) 67; Klasen, Rev. Mod. Phys. 74 (2002) 
1221; Klasen, Kramer, EPJC 71 (2011) 1774

Photon flux from QED:  
- high intensity ~ Z2 
- high photon energy ~ 𝛾Lproduced by a relativistic point-like charge Z:

f�/A(y) =
2↵e.m.Z

2
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y
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�
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where ↵e.m. is the fine-structure constant; K0,1 are modified Bessel functions of the second

kind; ⇣ = ympbmin with mp being the proton mass and bmin the minimal distance between

two nuclei. For Pb-Pb UPCs, Eq. (2.2) with bmin = 14.2 fm reproduces very well the

photon flux calculated taking into account the nuclear form factor and the suppression of

strong interactions at impact parameters b < bmin, see the discussion in [49].

3 Predictions for the cross section of dijet photoproduction in Pb-Pb
UPCs at the LHC

Using the formalism outlined in Sec. 2, we calculate the cross section of inclusive dijet

photoproduction in Pb-Pb UPCs at
p
sNN = 5.02 TeV in the kinematics of the ATLAS

measurement at the LHC [37]. The ATLAS analysis was performed using the following

conditions and selection criteria:

• the anti-kT algorithm with the jet radius R = 0.4

• the leading jet has pT > 20 GeV, while other jets have pT > 15 GeV, which corre-

sponds to 35 < HT < 400 GeV, where HT = E
jet1
T + E

jet2
T

• all jets have the rapidity |⌘| < 4.4

• the combined mass of all reconstructed jets is 35 < mjets < 400 GeV

• the parton momentum fraction on the photon side z� = yx� , 10�4
< z� < 0.05

• the parton momentum fraction on the nucleus side xA, 5⇥ 10�4
< xA < 1.

The ATLAS results are presented as distributions in terms of the total jet transverse

energy HT = E
jet1
T + E

jet2
T and the photon z� and nucleus xA light-cone momentum frac-

tions:

z� =
mjets
p
sNN

e
yjets , xA =

mjets
p
sNN

e
�yjets , (3.1)

where
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iEi + pi,zP
iEi � pi,z

◆
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In Eq. (3.2), the index i runs over all measured jets; Ei and ~pi denote the jet energy and

momentum, respectively. Note that at LO, the kinematics of 2 ! 2 parton scattering and

the momentum fractions z� and xA can be exactly reconstructed from the dijet measure-

ment. At NLO, Eq. (3.1) serves as hadron-level estimators of the momentum fractions

entering Eq. (2.1); for brevity, we use the same notations in Eq. (2.1) and (3.2).

– 4 –
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from e+e- data
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•  Shape and normalization of the ATLAS data are reproduced well. Note that 
the data is preliminary and has not been corrected for detector response.

INCLUSIVE DIJET PHOTOPRODUCTION IN … PHYSICAL REVIEW C 99, 065202 (2019)

correlated with the low-xA gluons and sea quarks in Pb that
present one of the points of interest of the present study.
For nuclear PDFs fb/B(xA, µ2), we employed the nCTEQ15
parametrization [34]. The photon flux fγ /A(y) produced by
a relativistic point-like charge Z is given by the standard
expression

fγ /A(y) = 2αe.m.Z2

π

1
y

[
ζK0(ζ )K1(ζ )− ζ 2

2

[
K2

1 (ζ ) − K2
0 (ζ )

]]
,

(2)

where αe.m. is the fine-structure constant; K0,1 are modified
Bessel functions of the second kind; ζ = ympbmin with mp
being the proton mass and bmin the minimal distance between
two nuclei. For Pb-Pb UPCs, Eq. (2) with bmin = 14.2 fm
reproduces very well the photon flux calculated taking into
account the nuclear form factor and the suppression of strong
interactions at impact parameters b < bmin; see the discussion
in [52].

The NLO calculation of the dijet photoproduction cross
section using Eq. (1) is numerically implemented in an
NLO parton-level Monte Carlo generator [45,47–49], which
has been successfully tested in many different environments
(HERA, LEP, Tevatron). It implements the anti-kT algorithm
(but we have at most two partons in the jet) and all the
kinematic conditions and cuts used in the ATLAS analysis
[38] that are explicitly explained in the following section.
Hadronization corrections and underlying event (UE) subtrac-
tions are not part of our analysis, but they are expected to be
performed with PYTHIA simulations by the experiment once
the data are final (as has been done at HERA).

III. PREDICTIONS FOR DIJET PHOTOPRODUCTION
IN Pb-Pb COLLISIONS AT THE LHC

The main goal of the present paper is the first NLO QCD
calculation of the cross section of inclusive dijet photoproduc-
tion in Pb-Pb UPCs and concluding whether it can describe
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FIG. 2. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs at
√

sNN = 5.02 TeV in the ATLAS kinematics
as a function of HT for different bins of xA. The central values and the corresponding shaded uncertainty bands are obtained using nCTEQ15
nPDFs. The crosses are the ATLAS data points that we extracted from [38].
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the results of the ATLAS measurement [38]. The ATLAS
analysis was performed using the following conditions and
selection criteria:

(1) the anti-kT algorithm with the jet radius R = 0.4;
(2) the leading jet has pT,1 > 20 GeV, while the other jets

have a different cut on pT,i !=1 > 15 GeV as required
[53], which corresponds to 35 < HT < 400 GeV,
where HT =

∑
i pT,i;

(3) all jets have rapidities |ηi| < 4.4;
(4) the combined mass of all reconstructed jets is 35 <

mjets < 400 GeV;
(5) the parton momentum fraction on the photon side zγ =

yxγ , 10−4 < zγ < 0.05;
(6) the parton momentum fraction on the nucleus side xA,

5 × 10−4 < xA < 1.

The ATLAS results are presented as distributions in terms
of the total jet transverse momentum HT =

∑
i pT,i and the

photon zγ and nucleus xA light-cone momentum fractions

zγ =
mjets√

sNN
eyjets , xA =

mjets√
sNN

e−yjets , (3)

where

mjets =




(

∑

i

Ei

)2

−
∣∣∣∣∣
∑

i

%pi

∣∣∣∣∣

2



1/2

,

yjets = 1
2

ln
(∑

i Ei + pz,i∑
i Ei − pz,i

)
. (4)

In Eqs. (4), the index i runs over all measured jets; Ei and %pi
denote the jet energy and momentum, respectively. Note that,
at LO, the kinematics of 2 → 2 parton scattering and the mo-
mentum fractions zγ and xA can be exactly reconstructed from
the dijet measurement. At NLO, Eqs. (3) serve as hadron-level
estimators of the momentum fractions entering Eq. (1); for
brevity, we use the same notations in Eqs. (1) and (4).
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FIG. 3. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs at
√

sNN = 5.02 TeV in the ATLAS kinematics
as a function of xA for different bins of HT . The crosses are the ATLAS data points that we extracted from [38].
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•  NLO pQCD vs. prelim. ATLAS data as function of dijet transv. momentum 
HT=ET jet1+ET jet2  and nuclear momentum fraction xA=(mjets/√sNN)e-yjets

Guzey, Klasen, PRC 99 (2019) 065202
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•  Resolved vs. direct photon 
contributions: resolved photons 
dominate for xA>0.01; resolved and 
direct are compatible for xA<0.01 → 
similar trend in leading order (LO) 
analysis in PYTHIA8 framework, 
Helenius, Rasmusen, EPJ C 79 (2019) 5, 413 
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FIG. 7. NLO QCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs at
√

sNN = 5.02 TeV in the ATLAS kinematics
as a function of xA. Top: The resolved (green, dot-dashed) and direct (blue, dashed) photon contributions and their sum (red, solid). Middle:
The ratio to the impulse approximation. Bottom: The ratio of cross sections calculated using the nCTEQ15 and EPPS16 nPDFs. The shaded
bands show the uncertainty of nCTEQ15 nPDFs.

to look for signs of the Balitsky-Fadin-Kuraev-Lipatov and
gluon saturation dynamics in the high-energy (kT ) factoriza-
tion approach [57].

IV. CONCLUSIONS

In this work, we calculated the cross section of inclusive
dijet photoproduction in Pb-Pb UPCs at the LHC using NLO
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to look for signs of the Balitsky-Fadin-Kuraev-Lipatov and
gluon saturation dynamics in the high-energy (kT ) factoriza-
tion approach [57].

IV. CONCLUSIONS

In this work, we calculated the cross section of inclusive
dijet photoproduction in Pb-Pb UPCs at the LHC using NLO

065202-8

•  Nuclear modifications: shape of 
repeats that of Rg(x)=gA/AgN: 
10% shadowing for xA< 0.01, 
20% antishadowing at xA ~0.1, 
5-10% EMC effect for large xA 
→ can be compared to 
predictions for EIC, Klasen, Kovarik, 
PRD 97 (2018) 114013

R =
d�(AA ! A+ 2jets +X)

d�IA(AA ! A+ 2jets +X)
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Figure 5. NLO pQCD predictions for the cross section of dijet photoproduction in Pb-Pb UPCs
at

p
sNN = 5.02 TeV in the ATLAS kinematics as a function of xA for di↵erent bins of z� .

with the direct contribution being approximately factor of two larger than the resolved

one. While this behavior is qualitatively similar to the results of the LO analysis in the

framework of PYTHIA 8 with EPPS16 nPDFs [50], the relative contribution of the resolved

photon term is larger is our case due to the NLO e↵ects. Therefore, the sensitivity of the

cross section to photon PDFs is larger at NLO than at LO.

The middle panel of Fig. 6 presents the ratio of the cross section calculated using

nCTEQ15 nPDFs in lead to the one calculated in the impulse approximation (IA), where

nuclear PDFs are assumed not to include any nuclear modifications and given by a sum

of free proton and neutron PDFs, f IA
b/A = Zfb/p + (A � Z)fb/n. One can see from this

– 8 –
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•  To quantity the power of inclusive dijet photoproduction in Pb-Pb UPCs to 
constrain nPDFs, one can use the statistical method of Bayesian reweighting 
commonly used for pA data, Armesto et al. JHEP 1311 (2013) 015; Paukkunen, Zurita, JHEP 1412 (2014) 

100; Kusina et al, EPJC 77 (2017) 488  
•  Using error nPDFs, one generates N (N=10,000) replicas:  

fk
j/A(x,Q

2) = f0
j/A(x,Q

2) +
1

2

NX

i=1

h
f i+
j/A(x,Q

2)� f i�
j/A(x,Q

2)
i
Rki

<latexit sha1_base64="nQxpMoSf4sipB/qUrQ4hIZFdWAY="></latexit>

central value error PDFs
random 
numbers

•  Calculate the cross section for each replica:  

d�k

dxA
=

X

a,b

Z ymax

ymin

dy

Z 1

0
dx�f�/A(y)fa/�(x� , µ

2)fk
b/B(xA, µ

2)d�̂(ab ! jets)

<latexit sha1_base64="NAxty5or/MbR/WP89/BB2aLO0O4="></latexit>

•  The essence of reweighting is to find the statistical weights wk quantifying 
how well the k’s replica reproduces the data. In our case, as data we take 
pseudo-data obtained using the central value of nPDFs. 
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•  To do this, one first calculates the chi-square:

•  and then forms the weights wk:  

•  Then one calculates the new, weighted average cross section and its error:

�2
k =

NdataX

j=1

(d�0/dxA � d�k/dxA)2

�2
j

<latexit sha1_base64="+CWWXJHpu12yGgKTvP4eCTvtvzc="></latexit>

wk =
e�

1
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2
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1
Nrep
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i e�
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2
i /T

<latexit sha1_base64="OaQO4xXBKK06lCei8g3c36gY7k4="></latexit>

error on pseudo-data

T=tolerance associated with a 
given set of nPDFs
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•  Similarly for nPDFs: hfj/A(x,Q2)inew =
1

Nrep

NrepX

k=1

wkf
k
j/A(x,Q

2) ,

�hfj/A(x,Q2)inew =

vuut 1

Nrep

NrepX

k=1

wk

⇣
fk
j/A � hfj/A(x,Q2)inew

⌘2

<latexit sha1_base64="ihu5fb0fE0fkipMX5MhP440pPNM="></latexit>

•  This quantifies the effect of the pseudo-data on nPDFs and their uncertainties.

  396 Page 6 of 10 Eur. Phys. J. C           (2019) 79:396 

103

104

105

106

107

10-3 10-2 10-1 100

Pb-Pb, 5.02 TeV

eps=0.05

d
σ/

d
x
A
,
 
n
b

xA

nCTEQ15np
nCTEQ15np(rew.)

nCTEQ15
103

104

105

106

107

10-3 10-2 10-1 100

eps=0.1

d
σ/

d
x
A
,
 
n
b

xA

nCTEQ15np
nCTEQ15np(rew.)

nCTEQ15

103

104

105

106

107

10-3 10-2 10-1 100

eps=0.15

d
σ/

d
x
A
,
 
n
b

xA

nCTEQ15np
nCTEQ15np(rew.)

nCTEQ15
103

104

105

106

107

10-3 10-2 10-1 100

eps=0.2

d
σ/

d
x
A
,
 
n
b

xA

nCTEQ15np
nCTEQ15np(rew.)

nCTEQ15

Fig. 5 The dijet photoproduction cross section as a function of xA
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error bands) the Bayesian reweighting calculated using the nCTEQ15np

nPDFs; the cross section used as pseudo-data is calculated with
nCTEQ15 (open black squares). Different panels show the results for
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123

•  Assuming 5% error → reduction of uncertainties by factor 2 at xA=0.001.

Guzey, Klasen, EPJ C 79 (2019) 5, 396
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Diffractive dijet photoproduction in Pb-Pb UPCs@LHC 
•  In framework of collinear factorization & NLO 
pQCD, it probes novel nuclear diffractive PDFs. 

•  Contribution of right-moving photon source:

A

Jet

Jet

Jet

Jet

Remnant

Remnant

Remnant

B B B B

A A

A

γ

γ

(a) (b)

IP IP

<latexit sha1_base64="puihv99lcBqJ4/kyGU+nzaH4nzs="></latexit>

d�(AA ! A+ 2jets +X +A)(+) =
X

a,b

Z
dt

Z
dxP

Z
dzP

Z
dy

Z
dx�f�/A(y)fa/�(x� , µ

2)fD(4)
b/A (xP , zP , t, µ

2)d�̂ab!jets

•  Nuclear diffractive PDF fb/AD(4)= conditional probability to find parton b with 
mom. fraction zP with respect to the diffractive exchange (pomeron) carrying 
mom. fraction xP provided the nucleus remained intact with mom. transfer t. 

y

•  fb/AD(4)  is subject to nuclear modifications. The leading twist nuclear shadowing 
model predicts strong nuclear suppression (shadowing), Frankfurt, Guzey, Strikman, Phys. 
Rept. 512 (2012) 255

xP

zP

x𝛾

<latexit sha1_base64="Ui+CpELl2av0gEHqS/M3R6w92yg="></latexit>

fD(4)
b/A (xP , zP , t, µ

2) = Rb(xP , zP , µ
2)A2F 2

A(t)f
D(4)
b/p (xP , zP , t = 0, µ2)

⇡ 0.15A2F 2
A(t)f

D(4)
b/p (xP , zP , t = 0, µ2)

direct resolved
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Diffractive dijet photoproduction in Pb-Pb UPCs@LHC (2) 
•  NLO pQCD predictions as a function of momentum fractions x𝛾 and zP, 
leading jet transverse momentum ETjet1, and photon-nucleus energy W.
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Figure 12. The same as Fig. 11, but at
√
sNN = 5.1 TeV.
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Diffractive dijet photoproduction in Pb-Pb UPCs@LHC (3) 
•  Analyses of diffractive dijet photoproduction in ep scattering@HERA → QCD 
factorization is broken, i.e., NLO calculations overestimate data by factor of ~2, 
Klasen, Kramer, EPJ C 38 (2004) 93; PRL 93 (2004) 232002; JPhys.G 31 (2005) 1391; MPLA 23 (2008) 1885; EPJ C 70 
(2010) 91; PLB 508 (2001) 259; EPJ C 49 (2007) 957; PRD 80 (2009) 074006; Guzey, Klasen, EPJ C 76 (2016) 8, 467  
  

•  The pattern of unknown: either the global suppression factor R(glob.)=0.5 or 
the resolved-only suppression R(res.)=0.34, Kaidalov, Khoze, Martin, Ryskin, EPJ C 66 (2010) 373 

•  One can differentiate between these two scenarios by studying x𝛾 distribution 
in AA UPCs, Guzey, Klasen, JHEP 04 (2016) 158
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Figure 19. The same as Fig. 18, but at
√
sNN = 5.1 TeV.

LHC. Using general kinematic conditions and cuts on the final state, we found that the
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How large is the diffractive contribution? 
•  Diffractive contribution to inclusive dijet photoproduction in Pb-Pb UPCs in 
ATLAS kinematics does not exceed 5-10% at small xA, Guzey, Klasen, PRD 104 (2021) 
11,114013  
  

•  This is the effect of restricted kinematics, pT1 > 20 GeV, xA > 0.001 and large 
shadowing suppression of nuclear diffractive PDFs.  

•  This is not the case for pp UPCs, where the diffractive contribution can reach 
10-15% at xp ~5 ×10-4.

(5) with the input discussed in the previous sections are
performed using the NLO parton-level Monte Carlo frame-
work developed in Refs. [21,22,28]. It implements the
kinematic conditions and cuts used in the ATLAS analysis
[7,8], namely, the anti-kT algorithm with the jet radius
R ¼ 0.4; the invariant collision energy per nucleon isffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV; the leading jet with pT1 > 20 GeV
and all other jets with pTi≠1 > 15 GeV corresponding to
35 < HT < 400 GeV, where HT ¼

P
i pTi; the rapidities

of all jets are within the jηij < 4.4 interval; the combined
mass of all reconstructed jets is 35 < mjets < 400 GeV; the
parton momentum fraction on the photon side zγ ¼ yxγ is
within the 10−4 < zγ < 0.05 interval; the parton momen-
tum fraction on the nucleus side xA is restricted by the
5 × 10−4 < xA < 1 condition.
Among several possible kinematic distributions of dijet

photoproduction, see Ref. [9], the xA dependence reveals
best the role of the diffractive contribution. Figure 1 shows
our predictions for the ðdσdiff=dxAÞ=ðdσinc=dxAÞ ratio of
the cross sections of diffractive and inclusive dijet photo-
production in Pb-Pb UPCs at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV in the

kinematic setup presented above as a function of xA.
The upper and lower panels correspond to the calculation
using the nCTEQ15 and EPPS16 nPDFs, respectively.
The error bands reflect the uncertainty of our theoretical
predictions and include (in the order of importance)
the uncertainty in the magnitude of nuclear shadowing
in nuclear diffractive PDFs quantified by the factor of
Rb ¼ 0.1–0.2, the uncertainties of nCTEQ15 and EPPS16
nPDFs calculated using the corresponding error PDFs, and
the uncertainty associated with the variation of the scalemf

in the interval ðmf=2; 2mfÞ. Note that the latter contribu-
tion largely cancels in the ratio of the diffractive and
inclusive dijet cross sections.
In the presented results, we test two scenarios of QCD

factorization breaking in diffraction (see the discussion
above): the left column corresponds to the suppression of
the NLO pQCD results by the global suppression factor of
Rðglob:Þ ¼ 0.5, while the right column corresponds to the
suppression of the resolved photon contribution by the
factor of Rðres:Þ ¼ 0.34. We checked that in the latter
scenario the use of the much stronger suppression factor

FIG. 1. The ratio of the cross sections of diffractive and inclusive dijet photoproduction in Pb-Pb UPCs at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV in the
ATLAS kinematics as a function of xA. The upper and lower panels correspond to nCTEQ15 and EPPS16 nPDFs, respectively; the error
bands quantify the uncertainty of our theoretical predictions including the uncertainties in the magnitude of nuclear shadowing in
nuclear diffractive PDFs, the uncertainties of nCTEQ15 and EPPS16 nPDFs, and the uncertainty in the choice of the scale mf. The left
and right panels assume two different scenarios of QCD factorization breaking based either on the global suppression factor of
Rðglob:Þ ¼ 0.5 or on Rðres:Þ ¼ 0.34 for the resolved photon contribution.

VADIM GUZEY and MICHAEL KLASEN PHYS. REV. D 104, 114013 (2021)

114013-4

Rðres:Þ ¼ 0.04, which is characteristic of heavy nuclear
targets, leads to very similar predictions. Thus, the magni-
tude of factorization breaking does not depend on the type
of the target (proton or heavy nucleus). This is natural since
the small xA region, where the diffractive contribution is
sizable, corresponds to large xγ , which is dominated by the
unsuppressed direct photon contribution.
Note that as usual in the case of coherent (i.e., without

nuclear breakup) photoproduction in Pb-Pb UPCs, the
diffractive cross section receives contributions from both
left-moving and right-moving sources of quasireal photons,
see Eq. (4). This leads to a symmetric distribution in yjets
and increases the resulting cross section. In particular, it
doubles the cross section at yjets ¼ 0 and also after
integration over yjets. However, this enhancement of the
diffractive contribution is either fully compensated by the
reduction due to Rðglob:Þ ¼ 0.5 or compensated at large xA
by the factor Rðres:Þ ¼ 0.34.
One can see from the figure that the diffractive con-

tribution is only sizable in the first few bins in xA, where it
does not exceed 5–10%. Its smallness is a result of the
restricted kinematics of rather large pT1 > 20 GeV and not
sufficiently small xA > 0.001, the large nuclear suppression
factor of Rb ¼ 0.1–0.2 of nuclear diffractive PDFs char-
acteristic for the leading twist model of nuclear shadowing,
and the additional suppression because of the factorization
breaking. This quantifies the magnitude of the correction
relevant for an analysis of nPDFs at small xA using the
ATLAS data on inclusive dijet photoproduction in Pb-Pb
UPCs at the LHC. Indeed, since the inclusive cross section
by definition also includes the diffractive contribution, one
has to correct the ATLAS data for it because diffraction has
been experimentally excluded by selecting the 0nXn top-
ology. Without this correction, one would somewhat
underestimate the effect of nuclear shadowing in nPDFs
using the ATLAS data.
Note that the small-xA region, which is at the focus of our

interest, corresponds to large values of xγ dominated by the
direct photon contribution. Thus, our predictions for the
cross section ratios presented in Fig. 1 depend very weakly
on the choice of the photon PDFs and practically coincide
with the ratio of the direct photon contribution to the
diffractive and inclusive dijet cross sections.
To enhance the diffractive contribution, one primarily

needs to lower the values of probed xA, which can be readily
achieved by loosening the cut on pT and/or increasing the
invariant collision energy

ffiffiffiffiffiffiffiffi
sNN

p
. In particular, we found that

by using the pT1 > 10 GeV and pTi≠1 > 5–7 GeV cut,
one can probe the dijet photoproduction cross section
down to ∼5 × 10−4, where the studied cross section ratio
reaches ðdσdiff=dxAÞ=ðdσinc=dxAÞ ¼ 10− 20%.
Alternatively, one can increase the collision energy. In

the case of proton-proton UPCs, this is illustrated in Fig. 2,
which shows the ratio of the cross sections of diffractive
and inclusive dijet photoproduction in proton-proton UPCs

at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 13 TeV as a function of xp. In our calculations,
we used the CTEQ15 PDFs of the free proton [35], the
2006 H1 Fit B diffractive PDFs of the proton [37], and the
two scenarios of factorization breaking discussed above.
One can see from the figure that it allows one to probe xp
down to approximately xp ¼ 5 × 10−4, where the diffrac-
tive contribution reaches 10–15% of the inclusive dijet
cross section.
Note also that the ratios of cross sections of diffractive

and inclusive dijet photoproduction are similar in similar
kinematics for Pb and proton targets. This is a consequence
of large nuclear effects in the leading twist model of nuclear
shadowing, which predicts that nuclear diffractive PDFs are
suppressed at small xA stronger than usual (inclusive)
nPDFs such that their ratio does not show a strong nuclear
dependence, see Figs. 69 and 70 of [14].
Our analysis relies on the dominance of the electromag-

netic (photon-Pomeron fusion) mechanism of dijet photo-
production over the competing Pomeron-Pomeron and
photon-photon fusion mechanisms. In the case of Pb-Pb
UPCs, this dominance has been confirmed by the analysis
of Ref. [15] using forward physics Monte Carlo (FPMC)
[44] and is based primarily on high fluxes of equivalent
photons emitted by heavy ions. In the case of proton-proton
UPCs, photon-Pomeron fusion dominates only at forward
rapidities, while Pomeron-Pomeron scattering gives the
main contribution to the UPC cross section at central
rapidities. Thus, we expect that an account of the latter
contribution will somewhat increase the predicted ratio
ðdσdiff=dxpÞ=ðdσinc=dxpÞ. In data analysis, combining the
predicted different patterns of the yjets dependence of the
competing contributions [15] with the presence of addi-
tional diffractively produced hadrons, one can in principle
separate the photon-Pomeron and Pomeron-Pomeron
contributions.

FIG. 2. The ratio of the cross sections of diffractive and
inclusive dijet photoproduction in proton-proton UPCs atffiffiffiffiffiffiffiffi
sNN

p ¼ 13 TeV as a function of xp. The red solid and blue
dot-dashed lines correspond to Rðglob:Þ ¼ 0.5 and Rðres:Þ ¼
0.34 assumptions on QCD factorization breaking, respectively.
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l  Nuclear PDFs are poorly constrained by available fixed-target and pA LHC 
data and, hence, there is growing interest in obtaining new constraints on 
them using hard photon-nucleus scattering in heavy ion UPCs a the LHC. 

l Inclusive dijet photoproduction in Pb-Pb UPCs@LHC probes nPDFs down 
to xA~0.005 and can reduce the current small-xA uncertainties of the gluon 
distribution by factor of ~2. 
  
l Diifractive dijet photoproduction in Pb-Pb UPCs@LHC accesses novel 
nuclear diffractive PDFs and may shed new light on mechanism of QCD 
factorization breaking in this process.  

l Inclusive and diffractive dijet photoproduction on nuclei in the EIC 
kinematics has been studied in Guzey, Klasen, PRC 102 (2020) 6, 065201 and JHEP 05 (2020) 074.  
It will cover more restricted kinematics: xA > 0.01, x𝛾 > 0.5 → dominated by 
direct photon contribution → challenging to study factorization breaking.

Summary


